Abstract. We have studied large supercells of PZT with different cation orderings and compositions using ab initio calculations. Despite the different macroscopic properties, we find similar structural motifs for all three phases. Our study shows that the polarization of PZT is mostly due to the displacement of the Pb cations, and that their displacements are sensitive to both the cation ordering and the overall macroscopic polarization of the material. This dual sensitivity drives the compositional phase transitions of PZT.
INTRODUCTION
PZT is currently the primary material used in naval sonar devices, and it has also been investigated for possible use in FRAM memory modules. PZT is a perovskite alloy of lead zirconate (PZ) and lead titanate (PT). The end members of the PZT phase diagram, PZ and PT are relatively simple to characterize and have been thoroughly investigated both experimentally [1, 2] and by means of theoretical DFT calculations [3, 4] . PT is a ferroelectric (FE) material with a simple tetragonal structure, while PZ has a complex antiferroelectric (AFE) ground state. By themselves, neither PZ nor PT are particularly good piezoelectrics, but mixing these materials in a disordered solid solution gives rise to excellent piezoelectric response. The macroscopic phase of PZT depends on the zirconium/titanium ratio and temperature. Six phases have been observed: a low temperature antiferroelectric phase, two rhombohedral phases at different temperatures (FE), a tetragonal phase (FE), a paraelectric high-temperature cubic phase, and the recently discovered low-temperature monoclinic (FE) phase around the 50/50 Zr/Ti composition [5] (the morphotropic phase boundary between the tetragonal and the rhombohedral phases).
PZT has a regular perovskite structure, with a B-cation in the center of the cube, oxygen ions at the face centers of the cube, and lead ions in the cube corner. However, within this ordered perovskite structure there is extensive disorder in the magnitude and direction of the B-cation distortions within their oxygen octahedra. There is also disorder in the magnitude and direction of the displacements of both the lead and oxygen ions away from their perfect perovskite positions. This can be seen from the broadened peaks in the experimentally determined PZT pair distribution functions (PDFs) [2] . It is this local disorder within the framework of the orderly perovskite lattice that gives PZT its interesting properties.
Because of the local disorder, small high-symmetry supercells are an inexact representation of the real material [6] . Similar to a fluid, there are many different local configurations which give rise to the macroscopic properties of the crystal. For this reason, in this study we analyze the behavior of each ion in terms of local structural motifs, analogous to the treatment of shell structures in fluids. We then relate the interplay of local chemical interactions to macroscopic properties. The characterization of the structural motifs also allows us to distinguish between atomic properties that are independent of local environment (and therefore transferable to other systems), and non-transferable, environment-dependent atomic properties. This is crucial for materials design and is also important for understanding the accuracy of the crystal chemistry approach [7] to solid solutions.
METHODOLOGY
Using density functional theory [8, 9] (DFT) with the local density approximation [10, 11] , we have determined the minimum energy structures for various B-cation arrangements of PZT. To reduce the computational cost, we used designed non-local optimized pseudopotentials (PSP) [12, 13] with a 50 Ry cutoff to represent the core electrons. Since the computational cost of the calculation is proportional to the size of the planewave basis, it is advantageous to achieve rapid convergence in the plane-wave basis. The optimized pseudopotential approach accomplishes this by minimizing the residual kinetic energy of the reference pseudo-wavefunction that lies beyond the plane-wave cutoff energy. The designed non-local method exploits the flexibility in the partitioning of the PSP into the local and non-local parts to achieve greater transferability. The actual pseudopotentials used in this work are the same as those in papers by Ramer et al. [6, 14] We employed the superlattice approach, studying 3x2x1 (30 atoms) and 4x2x1 (40 atoms) supercells. The total energy of each structure was minimized with respect to internal coordinates at a fixed volume. Experimental lattice constants were used, and no symmetries were imposed. The initial structures were generated by adding a random displacement of up to 0.4 A in each direction to the perfect perovskite coordinates of each ion. Calculations were performed for three different B-cation compositions: 50/50, 67/33 and 33/67. For the 67/33 and the 33/67 compositions, we studied three different B-cation arrangements. Eight different B-cation arrangements were studied for the 50/50 composition. For each of these B-cation arrangements multiple runs, starting from different randomized initial positions, were performed.
RESULTS

DFT vs. Experimental PDF
To check the accuracy of our calculations we compare the PDFs generated from our calculated minimum energy DFT structure with the experimentally obtained PDFs. We used thermal factors of about 0.005 A 2 to generate PDFs from our DFT data. 
Oxygen Patterns-Octahedral cage motion
We first examine the behavior of Zr and Ti octahedra in PZT. It is important to understand the extent to which each octahedron acts as it does in the end-member compounds, and the extent to which the octahedra influence each other, giving rise to compromise behaviors or entirely new behaviors.
For all PZT compositions, we find that the Zr-Oe octahedra expand from the ideal perovskite positions, with Zr-Oe volumes of 68-72 A 3 . Conversely, because of the smaller size of the Ti ion, the Ti-Oe octahedra contract, with Ti-Oe volumes of 62.5-66.5 A 3 ( Figure 2 ). As can be seen from Figure 2 , there is no overlap in the size of the Zr-C>6 and Ti-Oe octahedra; the smallest Zr-Oe cage will have a larger volume than the largest Ti-Oe cage. The direction and magnitude of the octahedral cage distortions are predictable. Looking at Figure 3 , we see that the Zr octahedra expand mostly in the direction of neighboring Ti octahedra. For each composition the Zr (Ti) expansion (contraction) is on the order of 0.1-0.2 A in the direction of Ti (Zr) cations. If a Zr-O6 has Ti-O6 neighbors in the jc-direction only, the Zr-Oe cage will expand by about 0.2 A in ^-direction, and will not expand at all in either the y or z direction. If the Zr-Oe cage has Ti-O6 neighbors along x and y, a smaller 0.1 A expansion will take place in both directions. In both of the above cases approximately the same octahedral volume will be achieved. The end member PZ, has an antiferroelectric ground state which is created by the tilting of Zr-Oe complex and the consequent doubling of the unit cell [1, 3] . Recent experimental [15] and theoretical [16] studies of the ferroelectric monoclinic phase of PZT have found that the rotational antiferroelectric instabilities coexist with the ferroelectric instabilities. Figure 4 shows the octahedral tilting for the 6-65 octahedra in our calculations for the three phases of PZT. Unlike the octahedral volume, the magnitude of the octahedron rotation is strongly affected by PZT composition. The Ti-rich phase displays almost no octahedral tilting (tilts between 0.0-0.6°). In the monoclinic 50/50 phase the majority of the octahedra tilt by about 2°, although some tilts in the 3-5° range are present. The Zr-rich phase octahedral tilts are evenly distributed in the 0 to 5° range. Although larger tilts are observed in phases with higher composition of Zr, Ti octahedra show the same degree of tilting as the Zr octahedra within the same structure. Our results show that ionic size is a transferable atomic property which is not affected by local environment. The B-Oe cages achieve the desired volume by an anisotropic environment dependent expansion/contraction. Rotational character is strongly affected by local environment with the minority B-cation taking on the characteristics of the majority B-cation.
B-Cation Patterns-Zr/Ti Displacements
In PZT end member compounds, Zr and Ti distort in a dissimilar manner. In PT, Ti ions make a large [100] displacement inside their octahedral oxygen cage toward one oxygen ion, along the Ti-O bond direction [2, 4] . The displacement significantly changes the bond order of the Ti-O bonds and generates a more covalent Ti-O bond. We refer to this type of off-centering as covalent polarization.
In PZ, the zirconium ion's large size makes any significant distortion unfavorable. Instead, polarization is created by the bending of the O-Zr-O bond angle as an oxygen Both B-cations exhibit a combination of transverse and covalent polarization at all compositions. The relative amount of covalent polarization is referred to as the percent covalency. The titanium ions are more covalently polarized than zirconium ions (Figures 5-6 ). Unlike the magnitude of the Zr/Ti-Oe polarization, the degree of covalent versus transverse polarization within Zr-Oe and Ti-Oe octahedra is dependent on the composition of the material. For Zr-Oe there is a progression from the average covalent polarization of 47% in the 67/33 Zr-rich phase, to 54% covalent polarization in the 50/50 phase and 60% covalency in the 33/67 Ti-rich phase. Since in the parent compounds, Ti favors covalent polarization and Zr favors transverse polarization, in PZT, the replacement of Zr-O6 with Ti-Oe decreases the number of neighbors that can accommodate bond bending. This makes transverse polarization less favorable and increases the covalency of Zr-Oe polarization. A similar trend can be observed for Ti-O6 polarization percent covalency.
While the magnitude of the polarization generated by the B-cation distortion is an intrinsic feature of the B-Oe complex, the covalency character of the polarization is not.
So just like the B-Oe octahedra, the B-cation distortions display a mix of transferable and environment-dependent properties.
Pb-Cation Patterns-Pb Distortions
Our DFT results show that the Pb cations move 0.4-0.6 A away from their high symmetry positions. This is a much larger off-centering than the 0.2-0.3 A distortion of the Zr and Ti cations, therefore accounting for the majority of the polarization within the material.
Two driving forces determine the direction of the Pb displacements for all three PZT compositions. First, the direction of Pb distortion is very sensitive to the B-cation arrangement. The interaction between the lead ions and B-cations is purely repulsive, and the larger size of Zr means that the Pb-Zr repulsion is greater. Therefore, Pb ions will distort toward Ti and away from Zr. However, Pb ions usually will not distort in the [111] direction directly toward Ti ions, since this would make the Pb-Ti distance very short and lead to a large repulsion energy. Secondly, because of electrostatic interactions, Pb ion displacements will conform to the direction of the overall polarization as much as possible. The Pb ion distortions in Figure 3 are a good example of the balance between the two driving forces. In the case of Pb ions 1 and 2, both preferences are satisfied. However, in the case of Pb ions 3 and 4 the preference for a downward distortion toward Ti ions competes with need to conform to the overall polarization which points along [211] . This results in a compromise distortion mostly along the ^-direction. 
DISCUSSION
From the structural motifs presented above, a common theme emerges in the behavior of the oxygen octahedra and the cationic distortions. We can separate the local motifs into the intrinsic crystal chemistry requirements which are independent of the environment, and the non-transferable ways to achieve these intrinsic requirements. For example, the Zr oxygen cages and the Ti oxygen cages prefer a certain volume (around 70 A for Zr-Oe, and around 64 A for Ti-Oe) in all environments. However, the actual octahedral expansion/contraction that achieves the desired volume depends on the local B-cation arrangement, and the disordered nature of the B-cation arrangement gives rise to a variety of anisotropic B-Og octahedra. Both Zr and Ti ions polarize significantly in all environments, but the role of covalent versus transverse polarization depends on the Zr/Ti composition, with the majority B-cation inducing the minority B-cation to acquire more of its behavior. All Pb ions distort by 0.4-0.5 A (this is also seen in other Pb-based perovskites [17] ), however the direction in which Pb ions distort depends on the details of the local B-cation arrangement and the overall polarization of the material. The dependence of Pb distortion direction on local environment and overall polarization is particularly important, as it is responsible for the compositional transitions in PZT. In the Ti-rich 33/67 phase, due to abundance of Ti ions, a [100] displacement satisfies the local repulsion energy preferences for the majority of Pb ions. This can be seen from the angular distribution of the Pb distortions ( Figure 7) . The 33/67 Ti-rich composition of PZT has no Pb distortions with more than a 15° deviation away from the [100] ferroelectric direction. The small scatter in the direction of Pb off-centering gives rise to a fairly ordered phase with large overall polarization in the [100] direction. On the other hand, in the Zr-rich 67/33 phase, Ti ion scarcity means that no single direction can satisfy the local energy preferences of all or even most of the Pb ions. Consequently the Pb displacement angles are more broadly distributed between 30° and 80° away from the [100] direction. As a result of the disorder in the direction of Pb displacements, the magnitude of the overall polarization is smaller for the rhombohedral phase than that of the tetragonal phase. The monoclinic phase is the bridge between the rhombohedral and the tetragonal phases. While many Pb ions can satisfy their local energy preferences by a distortion in the [100] direction, other Pb ions cannot. The displacement of the latter Pb ions will therefore contain significant [010] and [001] components, producing the [211] overall polarization of the monoclinic phase.
CONCLUSION
Our DFT studies have confirmed that although there are differences in the macroscopic phases and polarization of various composition of PZT, there are many similarities within the local structure of each composition. These similarities include the magnitude of displacement of the Pb cations, the volumes of Zr and Ti octahedra and the magnitudes of the Zr and Ti off-centering. While these structural motifs are transferable in a crystal chemistry sense, other motifs are not. Most importantly we find that the direction of Pb distortions is controlled by the local B-cation arrangement through the Pb preference to displace toward Ti ions and away from Zr ions, and we propose that this is the origin of the compositional phase transitions in PZT.
